The role of protein-lipid interactions is increasingly recognized to be of importance in numerous biological processes. Bioinformatics is being increasingly used as a helpful tool in studying protein-lipid interactions. Especially recently developed approaches recognizing lipid binding regions in proteins can be implemented. In this study one of those bioinformatics approaches specialized in identifying lipid binding helical regions in proteins is expanded. The approach is explored further by features which can be easily obtained manually. Some interesting examples of members of the amphitropic protein family have been investigated in order to demonstrate the additional features of this bioinformatics approach. The results in this study seem to indicate interesting characteristics of amphitropic proteins and provide insight into the mechanistic functioning and overall understanding of this intriguing class of proteins. Additionally, the results demonstrate that the presented bioinformatics approach might be either an interesting starting point in protein-lipid interactions studies or a good tool for selecting new focus points for more detailed experimental research of proteins with known overall protein-lipid binding abilities.
Introduction
The role of lipids (Dowhan 1997; van Meer et al. 2008 ) and lipid-protein interactions has received considerable attention in life science through the years (Gennis 1977; Montecucco et al. 1988; Mouritsen and Bloom 1993; Cserhati 1993; Lee 2005; Smith 2012 ). Protein-lipid interactions have been studied in relation to numerous processes in biology such as lipid polymorphism (Epand 1998) , membrane protein function and folding (Marsh et al. 2002; de Planque and Killian 2003; Hunte 2005; Dowhan and Bogdanov 2011) , lipid domains (Tocanne et al. 1994; Marsh 1995; Fantini 2003) and lipid rafts (Lingwood et al. 2009; Simons and Sampaio 2011) .
One interesting recent development is the bioinformatics approach which enables the identification of lipid binding helical regions in proteins (Gautier et al. 2008) . A recent demonstration of this approach was shown for protein translocation motor proteins (Keller 2011a) where the prediction of multiple lipid binding regions indicated a possible general feature of this class of proteins. The bioinformatics approach utilizes Web-based software (Gautier et al. 2008) and includes a feature to identify (potential) lipid binding helix regions in proteins. Stretches of amino acids can be investigated and the use of a discrimination factor enables discrimination between lipid binding and non-lipid-binding regions of proteins and peptides. Additionally, based on this approach, the Heliquest-generated mean hydrophobicity (<H>) and hydrophobic moment (μH) was demonstrated to allow the development of a hydrophobic moment plot (Keller 2011b ). This approach is essentially based on the 'classical' Eisenberg plot approach (Eisenberg et al. 1984) but now with Heliquest-generated data.
The combined use of the Heliquest lipid binding discrimination factor and the Heliquest-generated Eisenberg plot was successfully able to identify lipid binding regions in cytoplasmic and extracellular loops of protein translocation membrane proteins (Keller 2013) . Furthermore, this approach indicated an interesting new feature of amphitropic proteins: multiple lipid regions which often seem to fall in the so-called globular protein region of the Eisenberg plot (Keller 2011b) . Amphitropic proteins are defined as proteins with reversible membrane characteristics which are often related to the finding of populations of such a protein in both cytoplasmic as well as membrane-bound form; see elsewhere for an overview (Burn 1998; Johnson and Cornell 1999; Halskau et al. 2009 ).
This study explores the possibilities of bioinformatics further in an attempt to develop a total scan approach of all potential helical lipid binding regions in proteins based on their primary structure. For this purpose a substantial number of reported examples of proteins suggested to be members of the growing family of amphitropic proteins with demonstrated lipid binding were used. The relevance of the methodology and its findings was checked for a number of individual cases and the possible physiological role of lipid binding regions in the amphitropic protein family is discussed.
Materials and methods

Primary and secondary structures identification
The primary structure of the proteins was obtained either from the Swiss-Prot sequence database or the indicated references. The primary structures of those regions identified as lipid binding helix were collected and the included regions were checked for the extent of helicity either by crystallographic data if available and/or by secondary structure prediction using the program SOPMA (Combet et al. 2000) available at http://npsa-pbil.ibcp.fr/. Sequence alignment was performed using ClustalW (Larkin et al. 2007) available at www.ebi.ac.uk/Tools/msa/Clustalw2/.
Determination lipid binding potential
The mean hydrophobicity (<H>), the hydrophobic moment (μH) and the net charge (z) were calculated using the Heliquest software essentially as described before (Keller 2011a) . In essence, for the analysis 18-residue windows were used and for each sequence under investigation the window with the highest discrimination factor was selected. The discrimination factor (D) is defined according to: D=0.944 (<μH>) + 0.33 (z). When this discrimination factor is above 0.68, the corresponding region can be considered to be a (potential) lipid-binding helix (Gautier et al. 2008) . The Heliquest server and additional information are available at the website http://heliquest.ipmc.cnrs.fr/.
Helical wheel plot
The helical wheel representations were produced using the Heliquest software (Gautier et al. 2008) . The obtained helical wheel plots were subsequently redrawn and customized.
Eisenberg plot approach
The Eisenberg plot approach was essentially performed as described in the original study (Keller 2011b) . In short, both the mean hydrophobicity (<H>) and the hydrophobic moment (μH) were plotted using Heliquest-generated data. An 18-residue window is used unless stated otherwise and both the possible surface seeking and transmembrane (TM) helix properties were determined.
Hydrophobic face and charge
The possible presence of a hydrophobic face was extracted from the Heliquest data (Gautier et al. 2008 ) using the helical wheel plot. The net charge z and the possible presence of negative charged amino acids were automatically generated by the Heliquest program.
Monte Carlo simulations
Monte Carlo (MC) simulations of helical peptides in association with lipid membranes were performed using the MCPep server available at http://bental.tau.ac.il/MCPep/ (Gofman et al. 2012) . In essence, the program developed a model that performs Monte Carlo (MC) simulations of the interaction of helical peptides with lipid bilayers and attempts to discriminate between the configurations transmembrane (TM) and the surface orientation. A typical analysis included the input of the corresponding sequence in FASTA format, a membrane width of 30 Å, anionic lipid content as indicated in the results section and a RMSD cut-off for clustering of resultant conformations was 3 Å. The number of independent MC runs was set on 3 and number of MC cycles in each independent run was 500000. Molecular models were viewed and analyzed using Chimera (Pettersen et al. 2004) , available at website http:// www.cgl.ucsf.edu/chimera/. Final structure images were customized using the free-available digital image software analysis program GIMP, available at the website http:// www.gimp.org.
Results
3.1
Illustrative results for some typical amphitropic proteins using Heliquest-generated data A number of amphitropic proteins as identified in the literature were investigated. For example, the complete sequence of α-Synuclein (AS) was run through the Heliquest program.
Only the predominately helical regions were selected for further analysis. Based on the discrimination factor (D), which comprises both the hydrophobic moment (μH) and the net charge (z), a number of potential lipid-binding regions were identified ( (Karst et al. 2012) . According to Heliquest-generated data three potential lipid binding regions could be predicted. As shown in table 1, one of these regions AA 457-474 is indeed located in the region 375-485. The possible role of the two novel lipid binding regions will be discussed later in this paper.
Additionally an example is selected on the basis of a recent study which introduced a useful system for measurement of the thermodynamics and kinetics of peptide insertion and folding across a lipid bilayer (Reshetnyak et al. 2008) . This approach described the use of the so-called pH The lipid binding region (LBR) is predicted by the Heliquest lipid binding discrimination factor (D). The presence of a possible surface seeking helix (S) or transmembrane helix (TM) is determined by the Heliquest-generated Eisenberg plot approach. a According to SOPMA this region is slightly more than 50% helical, this region is therefore included for the sake of completeness. b In this case a 11 AA-window was used, both SOPMA as well as reported data (Wang et al. 2003) indicated this region to be a short helix.
low-insertion peptide (pHLIP). This is an interesting member of a subclass of amphitropic proteins, since the subsequent insertion and folding across the bilayer of adsorbed peptide is a pH-driven process. Nicely in line with the experimentally proven lipid binding ability (Reshetnyak et al. 2008 ) the Heliquest-generated data predicted a possible helical lipid binding region. In this particular example the lipid binding discrimination factor is unable to identify a lipid binding region; however, the Heliquest-generated Eisenberg plot methodology (Keller 2011b ) indicated a clear TM-helix type lipid binding region.
Another interesting example belongs to the protein family of heat shock proteins. For the amphitropic protein Synechocystis HSP17 it was concluded that it has not only an expected protein protective activity, but also an ability to stabilize lipid membranes (Török et al. 2001) . This ability to bind to membranes is underlined by the finding that two potential lipid binding regions can be predicted, the AA 89-106 region by the Heliquest discrimination factor and the AA 10-27 region by the Eisenberg plot method using Heliquest-generated data, see table 1 for further details.
Finally in this part of the study, where well-described examples that can be found in the literature are selected, the signal transduction glucose-specific enzyme IIA (IIAGlc) is studied. It is another proposed amphitropic protein and structural studies demonstrated that the first seven residues including Lys 5 and Lys 7 of the N-terminal domain of IIAGlc are the most critical part of the membrane anchor (Wang et al. 2003) . Indeed, the Heliquest lipid binding discrimination factor predicted a small lipid binding regions AA 1-11.
The described findings as summarized in table 1 seem to indicate that for members of the amphitropic protein family, similar to that previously shown (Keller 2011b ) for other proteins, the combined Heliquest approach is able to predict one or more lipid binding regions in proteins with experimentally demonstrated lipid binding ability.
Additional features of the Heliquest approach: Charge and hydrophobic face
While looking for lipid binding regions in numerous examples of amphitropic proteins, a strong indication for the existence of additional features emerged. It was noted that while analysing some well-studied proteins and regions with demonstrated lipid binding activity that it seems as if the Heliquest approach was sometimes unable to find some of those lipid binding regions. In order to understand the possible reason for this, it is important to go into some details of the Heliquest approach itself. The Heliquest program includes the conventional charges of the individual amino acids when it comes to calculating the net charge z. Clearly the aspartic acid and glutamic acid are known to be negatively charged. However, there are an increasing number of reports which seem to indicate that once such amino acids are positioned in the vicinity of the negatively charged head group region of acidic phospholipids they can become neutrally charged.
For example, with regard to the negatively charged glutamate, there is one study looking at the interfacial binding of bee venom secreted phospholipase A2 and predicted a significant upward shift in the pK a of one (or more) of the glutamates when the enzyme binds to anionic phospholipid containing vesicles in such a way that the carboxylate of the glutamate side chain near the membrane surface undergoes protonation (Bollinger et al. 2004) . Recent findings related to understanding the topology of membrane proteins seems to indicate an interesting role for phosphatidylethanolamine (PE) (Bogdanov et al. 2008) . When a cytoplasmic domain contains a mixture of negative and positive amino acids, PE is proposed to suppress or neutralize the presence of negative residues (Bogdanov et al. 2008) . In other words, the charge of amino acids while interacting in the context of a protein or peptide with phospholipids might differ significantly compared to the situation in solution. It has been hypothesized that for a tightly bound polypeptide adsorbed on the membrane, the pK values of the ionic residues are increased because of interaction with the negative charges at the membrane surface and as a consequence the pK shift would selectively neutralize aspartate and glutamate residues (Krishtalik and Cramer 1995) . In addition, an interesting paper addressing a method to estimate the effective pKa of an arginine (Arg) side chain basically concluded that with additional stabilizations from negatively charged lipids, even a positively charged amino acid like Arg (once in the membrane) can adopt the protonated state (Yoo and Cui 2008) .
With this in mind, the results of the analysis of a number of particular examples will be discussed here. In table 2 the results of the combined Heliquest approach are depicted for the amphitropic enzyme, CTP. All predicted lipid binding regions correspond nicely with the well-described M-domain which is believed to be important for lipid binding (see for example Johnson et al. 2003) . One lipid binding regions (AA 273-290) is not identified as potential lipid binding by the Heliquest discrimination factor but is identified as a surface seeking region by the Heliquest based Eisenberg approach. This particular region is an interesting example of the above described matter of charge issues which are relevant in some particular cases. In a study addressing this issue it is proposed that particular glutamates in the protein become protonated in the low pH milieu at the surface of anionic membranes and it was suggested to be involved in the binding properties towards anionic phospholipids of the amphipathic helix in a phosphocholinecytidylyltransferase (CTP) (Johnson et al. 2003) . The study gives, for example, detailed data about a peptide corresponding to region AA 256-288. The results are compared to a mutant analog where the interfacial glutamic acids 257, 268 and 279 were replaced with glutamines. It was demonstrated that the mutation results in a pH-independent binding to anionic phospholipid containing membranes, whereas the WT needs a lower pH. Interestingly a full sized Heliquest analysis (instead of the standard 18 AA) indicates a discrimination factor of 0.724 and −0,251 for the mutant and WT respectively. So the Heliquest approach predicts a lipid binding region for the mutant peptide and not for the (this) WT region. Considering the results as depicted in table 2, it is clear that a number of lipid binding regions are found, fully in agreement with what is know about this region. For region 240-257 a detailed helical wheel plot is depicted (see figure 1) . The above discussion seems to indicate that in some cases neutralization of negatively charged AA could play a role and should be included in the analysis.
The complete sequence of MinD was run through the Heliquest program. For example, the MinD region AA 251-269 found with Heliquest corresponds well with the identified conserved sequence motif in E.coli 261-268 at the C-terminus (Szeto et al. 2002) . Based on Heliquestgenerated Eisenberg plot analysis this region is a potential amphipathic helix as was calculated and discussed before (Mileykovskaya et al. 2003) . Two novel regions as depicted in table 2, were based on the prediction by the Heliquest lipid binding discrimination factor (region 16-33) and on the Heliquest-generated Eisenberg plot analysis (region 99-116). The latter region AA 99-116 (see figure 1 for a detailed depiction of the corresponding helical wheel plot) can be identified as surface seeking and although it is overall negatively charged it very well might be that as discussed above and indicated before (Mileykovskaya et al. 2003 ) a possible role of charge neutralisation plays a role here as well.
The diphtheria toxin fragment B is another interesting example. It is interesting to note that a role of a lower pH and the subsequent ability of certain regions to bind to lipids is well studied and discussed (Montagner et al. 2007 ). Three 
SecA: An interesting amphitropic protein
SecA is a well-known and extensively studied motor protein involved in protein translocation. It was found that for E.coli SecA multiple lipid binding regions can be predicted (Keller 2011a) . SecA can also be considered to be a member of the amphitropic protein family (Keller et al. 1995a; Keller 2011a) . Inspired by an excellent sequence alignment report dealing with another Sec-protein SecDF (Eichler 2003) , a similar attempt was performed for a number of SecA sequences from different origins. Figure 2 depicts some typical results for some of the regions; for a detailed picture of all data see supplementary figure 1 and supplementary table 1. It is interesting to see that some lipid binding regions are remarkably similar as might be expected for proteins with a reasonable degree of sequence homology. For example, region AA 108-125 in E. coli can be identified in almost all other organisms as well and all this with a high degree of sequence homology. However, some regions seem to be related to one specific organism and might indicate that certain lipid binding regions are organism specific. For example, region AA 323-340 in B. subtilis seems to be rather unique for this gram positive bacterium. The overall picture that some regions are well conserved while others seem unrelated to other organisms was also found for a similar type of alignment performed for SecD (Keller 2013 ).
FtsY: A closer look
Another interesting amphitropic protein is FtsY, the receptor of the signal recognition particle that mediates the targeting of integral membrane proteins in bacteria and thylakoids. A number of studies demonstrated protein-lipid interaction of FtsY with anionic phospholipids (see, for example, Braig et al. 2009; Parlitz et al. 2007) . Interestingly, in relation to these observations for E. Coli FtsY is that indeed multiple lipid binding regions were predicted (Keller 2011a) . Table 3 summarizes the results of the lipid binding regions of FtsY as predicted for numerous species. For example, it has been demonstrated that deletion of the N-terminal residues 11-39 from the S. coelicolor FtsY (ScFtsY) drastically reduced its membrane-binding capability and that the N-terminus of ScFtsY alone was capable of targeting the soluble EGFP protein onto the membrane with high efficiency (Shen et al. 2012) . Indeed the predicted region 9-26 fits perfectly into these experimental observations. The region 4-21 of the cpFtsY corresponds nicely with the extensively studied membrane binding motif that regulates GTPase activety (Marty et al. 2009 ). For H. volcanii FtsY one interesting region (226-243) is included, based on the arguments as presented in section 3.2. A sequence with a hydrophobic phase in the helical wheel plot and with a possible charge neutralisation is potentially a region capable of lipid binding. All other regions are predicted either based on the Heliquest lipid binding discrimination factor and/or the Heliquest-generated Eisenberg plot methodology. The closely related Ffh is included in this study as well. Compared to E. coli Ffh (Keller 2011b ) the B. subtilis Ffh contains three In silico analysis of amphitropic proteins 777 lipid binding region less. The percentages of Cardiolipin (CL), phosphatidylglycerol (PG) and lysylphosphatidylglycerol (lysPG) in B. subtilis is estimated to be 70-80% (Bishop et al. 1977; López et al. 2006) and therefor much higher than approximately 25% of negatively charged phospholipids in E. coli membranes. It is tempting to speculate that the lower amount of lipid binding regions in B. subtilis is related to the higher amount of negatively charged phospholipids in B. subtilis as compared to E. coli inner membranes.
Further detailed characterization of lipid binding regions
Once lipid binding regions have been identified by the in this report described prediction method it might be interesting to see what can be done to characterize such a lipid binding region further. First of all the helical wheel plot as depicted in figure 1 can provide some details about a particular region. Not only charge distribution but also the presence of a hydrophobic phase can be shown. A recently developed program to perform Monte Carlo (MC) simulations of helical peptides in association with lipid membranes is checked for its use to characterize helical lipid binding regions in more detail. This program is developed to perform Monte Carlo (MC) simulations of the interaction of helical peptides with lipid bilayers and attempts to discriminate between the configurations transmembrane (TM) and the surface orientation (Gofman et al. 2012) . In figure 3 a number of typical examples of the results are depicted. In all cases the test1, cluster 1 results are shown (see supplementary figure 2 for an additional example and more details).
The region AA 9-26 of S. coelicolor FtsY is according to the Heliquest-generated Eisenberg plot predicted as a typical transmembrane helix. Indeed figure 3A is depicting an image of a peptide oriented perpendicular on the plane of the membrane as expected for a transmembrane helix. The region AA 1-18 of B. subtilis FtsY is predicted to be a surface seeking helical lipid binding region. Indeed the helix in figure 3B depicts a surface bound helix parallel to the plane of the membrane as expected for an amphiphilic helix bound to the membrane surface. The region AA 4-21 of A. thaliana cpFtsY is predicted as a helical lipid binding region without typical transmembrane or surface seeking characteristics. Figure 3C depicts a peptide in a fashion with features of a surface and an oblique oriented helix. Although these simulations can only be used indicative it is clear that some preliminary ideas of the nature of the lipid binding can be obtained by using the MCPep server (Gofman et al. 2012) .
Discussion
The availability of the Heliquest program allows prediction of helical lipid binding regions using the primary sequence of proteins (Gautier et al. 2008) . Some interesting results have been already obtained using this approach (see, for example, Keller 2011a). The recently developed Eisenberg plot approach based on Heliquest-generated data (Keller 2011b ) with or without the use of the Heliquest lipid binding discrimination factor has been proved to be a useful tool as well (Keller 2013; Lung and Chuong 2012; Phoenix et al. 2013) . As discussed before (Keller 2011b) there is a necessity for a new terminology in the classification of proteins and protein regions. The protein classification needs, besides globular, surface-seeking and transmembrane, at least one new class: the amphitropic proteins. In this study a number of amphitropic proteins with experimentally demonstrated lipid binding were analysed. In table 1 the results of this analysis are summarized and some of the identified regions are well described in the literature, and numerous novel lipid binding regions are found. Another set of typical amphitropic proteins were selected and summarized in table 2. A number of charge neutralization issues are described and discussed. Overall it is clear that multiple lipid binding regions can be found for each amphitropic protein. Based on the results of this study, a workflow chart can be built up as described in figure 4 . In essence. as described in this paper. there are basically four factors determining a putative lipid binding region: First, the lipid binding discrimination factor (D) as determined by the Heliquest program; Second, if this factor fails to determine a lipid binding region, the Heliquest-generated Eisenberg plot approach might be able to identify a transmembrane or surface seeking region; Finally, as highlighted in this paper, an additional feature related to charge or charge neutralization could play a role, the helical wheel plot as generated by the Heliquest program might serve as a tool for this. In table 3 an extensive comparison of proteins from different origin are depicted and discussed. Although the lipid binding regions are often well conserved throughout the studied different species, it is not always simply related to a high sequence homology and some identified lipid binding regions seem to be specific for a particular organism. In relation to the amphipathic helix, a helix situated in the surface-seeking area of the Eisenberg plot, several attempts have been made to identify certain motifs as described in the literature. For example, the so-called ALPS (Amphipathic Lipid Packing Sensor) motif is excellently described and reviewed (Drin and Antonny 2010) . The common motif of transmembrane helices, a helix that lies in the membrane area of the Eisenberg plot, is rather straightforward, a stretch of hydrophobic amino acids. However, the lipid binding regions identified in the so-called globular region solely depend on the physicochemical features hydrophobic moment (μH) and charge (z), and although no primary sequence-based motif is to be expected, it will be interesting to investigate this once more sequences have been identified.
In figure 5 all amphitropic helical lipid binding regions studied are depicted in a Heliquest-generated Eisenberg plot together with data obtained from an earlier study (Keller 2011b) . The lipid binding regions in the surface and membrane region of the plot were identified using the Heliquestgenerated Eisenberg plot approach: those located in the globular region are primarily based on the Heliquest lipid discrimination factor. From peptide studies it has been suggested that a particular region within the Eisenberg plot is often indicative for oblique oriented α-helices and α-helical antimicrobial peptides (α-AMPs) (Phoenix et al. 2002; Dennison et al. 2005) . This study seems to suggest a common feature of amphitropic proteins that the majority of all lipid binding regions (approximately 90%) are located in the so-called globular protein regions. Together with the general feature that multiple lipid binding regions can be identified this might indicate some of the features that proteins of the amphitropic protein family have in common.
Once a number of potential lipid binding regions in a protein are identified as here described, further characterization can be achieved by several possible experimental approaches. For example, FRET experiments can be performed by a suitable donor-acceptor couple specially equipped for lipid-protein interaction studies (Keller et al. 1995b) , which has been successfully used to study both protein-lipid (Keller et al. 1996) and peptide-lipid (Caminati et al. 2004) interactions and is used for protein-protein interactions as well (Zhang et al. 2008) . The total scan approach for the search of helical lipid binding regions as described in this study together with the one described elsewhere (Keller, 2011a, b) can therefore be considered to be a potentially interesting starting point for either a first characterization of those proteins with relatively yet unknown protein-lipid interaction features or for further in-depth characterization of proteins with already known overall protein-lipid interaction properties.
